Introduction
For many reasons it has become important to know a correct expression for the field due to a toroidal helical current system. Ohkawa et al. [1] have considered a helically symmetric pinch con figuration with pitch reversal (OHTE) for plasma confinement. The pitch reversal is mostly due to external helical windings. Toroidal effects are not taken into account in [1] , According to Sharp et al. [2] some effects of toroidicity can be important for small aspect ratios (R0/b ^ 4) and negligible when R0/b<i 12. Also, the influence of toroidicity is altered if the helical winding pitch is modulated.
In torsatrons magnetic field configuration is part ly due to regularly spaced toroidal helical conduc tors carrying equal currents in the same direction. Gourdon et al. [3] suggest that choosing convenient ly the pitch of the helical winding, one coil could be enough to produce the required stable magnetic field configuration. For these and other reasons analytical expressions for the toroidal helical field due to specified windings have become necessary. Approximate analytical expressions for the toroidal helical field can be obtained considering helically symmetric system bent into a torus ( [4] , [5] , and [6] ). The resultant system is neither helical nor axisymmetric. Approximate Laplace's equation, in terms of a local polar coordinate system, for the magnetic scalar potential can be used near the torus. This approximation yields a problem: the boundary conditions for the magnetic field outside the torus become undefined. Sometani et al. [6] in their calculations exclude solutions of the approximate equation outside the winding region that diverge at an infinite distance from the torus axis. The reason does not seem obvious.
In this work, exact Laplace's equation for the magnetic scalar potential is solved using a more natural coordinate system. A particularly simple winding law in this coordinate system is adopted. The potential is written as an infinite series of functions. Each term is of the order of a power of the inverse aspect ratio.
In the case of small curvature system, the first order toroidal effect on the magnetic field is specially analysed. Also, the effect of a non-uniform winding law is considered in this approximation. Both effects can be of the same order of magnitude. The result is compared to the expression obtained by bending a straight system.
Approximate configuration of a plasma in the Brazilian tokamak TBR-1 disturbed by a toroidal helical field [7] is estimated. Stability of the plasma column against displacements is also discussed.
Toroidal Helical Currents
In this work, a number of thin conductors wound on a circular torus, carrying currents I in alternating directions is considered.
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respectively, by the number of periods of the helical field in the poloidal and toroidal directions m0 and a?o and by a winding law.
The most appropriate coordinate system seems to be the usual toroidal coordinate system defined by c, co and cp (see Fig. 1 Here, a linear relation between co and cp is taken as the winding law m0 co + riQ(p = const. Also a new toroidal helical coordinate system is defined by c , co and u where u = m0 co + n0 cp .
The surface current density due to a thin helical toroidal conductor with current / has the com ponents iv and im have periodicity 2n/mQ, 2n/n0 and 2 n in the variables co, cp and u, respectively. Therefore
The resulting current density is
Two simple ways may be considered of producing sin n co the ^-function can be expanded in Fourier series an n-th harmonic Field cos n co (i) by a pair of conductors with current flow / in opposite directions. The winding must be such that /7?0 = n. In this case the current density iv is given by
(ii) by n pairs of conductors with currents ± / alternately, n must be some multiple of m0. In this case
o\nt0\ c o -K ---------J +riQ(p
The resultant current density is 2 m0I Quantities in the region outside the helical winding are given a suffix e and those in the region inside the helical winding a suffix i. Magnetic field may be described in the two regions by the scalar potential <£(£, co, cp)\ B = grade?.
Here, the field of a single harmonic where Re /m e a n s real part of f we can write for F the equation Requiring that in each region the potential be regular, we obtain the following expressions for the interior and exterior fields: The potential inside the winding region can be written i> = X <*>,,
where 
B(o = ----------------------~-and B--= --------------------------
If the approximation: 
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The value of the winding law parameter < 5 0 = b/R0 would describe a linear reltion between .9 and cp as in Sometani's model.
The use of toroidal coordinate system in order to get a series solution of Laplace's equation has some advantages over the other approach, by bending a straight cylinder into a torus: (i) the boundary conditions for the approximate solutions of approxi mate Laplace's equation outside the torus are not clear. The problem is complicated by the fact that the contribution to the side band potential by a nonuniform winding law may be of the same order of magnitude as the other toroidal effect, (ii) The expression in terms of local polar coordinates cannot be used if scalelength of the order of b2/R 0 is considered. So, the position of the magnetic axis, for example, cannot be determined. The expression in terms of toroidal coordinates does not present this problem.
In order to compare both results, some corrections must be made to Sometani's [6] result. The scalar potential inside the winding region should be:
• sin {{n ± 1) ,9 -i n S } , where x = x ( n 2 -± ) * Q .
This expression coincides with (5.8) near the surface if (50 = b/R0 and ni0N ö0 < 1. Similar correc tion must be made to the external solution. We must not expect that the corrected Sometani's expression is good outside the winding region because the assumption q/R 0 < 1 is no longer valid in this region.
La Haye et al. [4] studied the effect of the winding law on the magnetic surface structure of a configuration having a large toroidal plasma current and a set of helical currents. A winding law of the form .9 + e sin ,9 ( -n0/m0) (p = const, was considered for different values of the parameter e. From the results of numerical calculations of the magnetic field using the Biot-Savart law they concluded that the best magnetic surface structure occurs around £ = 0.18. The surfaces of constant B would be nearly circular and nearly centred about the minor axis of the torus.
The values of the minor and major radii of the system considered are b = 0.235 m and R0 = 1.24 m. This would correspond to taking < 5 0 = 0 in (5.9) , that is to say a linear relation between the toroidal angular coordinates.
Plasma Configuration in a Tokamak
The equation of average magnetic surfaces which are formed by the m0 Ar-harmonic of the toroidal helical field and a standard tokamak field is deduced in terms of toroidal coordinates, following Morozov and Solov'ev [5] :
is the flux function of the unperturbed plasma system related to the unperturbed magnetic field by: Bo = ~y V^0 *** + B< p 0ev The bar and the sign denote the following operations: Using the expression (5.6) the average magnetic surface and the approximate plasma surface is estimated for the brazilian tokamak TBR-1 [7] taking: R0 = 0.3 m, b (chamber radius) = 0.11 m, a (plasma radius) = 0.10 m, q (safety factor at plasma surface) = 3.9, 7P = 9.2 kA, / = 250 A, and «o = 1; niQ = 2; n = 1 and /V = 1.
The results are shown in Figure 2 . The inwards shift is very small in this case. Stability condition against both vertical and horizontal motions of the plasma for non-uniform external field may be written as [8, 9] :
where n is the decay index defined as For B.0 = -90 Gauss An is = 0.5 cos (p. The decay index is quite sensitive to the helical fields. This means that the stability can be strongly affected by the helical windings. In TBR-1 experiments, without feedback control of the vertical field, the plasma equilibrium was seen to be frequently destroyed by toroidal helical fields [7] : after the helical coil activation, the plasma column moves inwards and touches the vessel. This displacement might be related to the instability against horizontal motions and could be explained by the calculations above.
Conclusions
The scalar potential due to toroidal helical currents can be written as an infinite series of func tions. Each partial sum represents, everywhere, the solution within an accuracy of the order of (b/R0)s. The effect of the winding law on the potential is very much similar to first order toroidal effect.
The first order solution can be written in terms of local polar coordinates, far from the axis (@^> b2/R 0). This expression coincides with corrected Sometani's expression if w0 N So ^ 1. In these expressions scalelength of the order of b2/R 0 is meaningless. Correct ed Sometani's expression may not be valid in the external region.
If an standard tokamak field is disturbed by a weak toroidal field (I 7p) the equilibrium con figuration does not change perceptively. Though. the stability of the plasma column against displace ments can be strongly affected. 
